Abstract. Glucose-6-phosphate dehydrogenase (G6PD)-deficient subjects are vulnerable to chemical-induced hemolysis if exposed to oxidative agents. Recent studies reported that green tea and its constituents might act as pro-oxidants. Our objective was to investigate effects of tea and its polyphenolic components on the oxidative status of human G6PD-deficient erythrocytes. Erythrocytes of G6PD-deficient (n=8) and normal (n=8) subjects were incubated with water extracts of 3 types of tea samples (black tea, green tea and decaffeinated green tea extract) and 6 polyphenols. The resulting levels of reduced glutathione (GSH) and glutathione disulphide (GSSG), methemoglobin and plasma hemoglobin were quantified by HPLC and biochemical assays. The tea extracts significantly reduced GSH and increased GSSG levels in G6PD-deficient erythrocytes in a dose-dependent manner (0.5-10 mg/ml), but not in normal erythrocytes. Similar dose-dependent responses to (-)-epigallocatechin (EGC) and (-)-epigallocatechin-3-gallate (EGCG), but not to the other polyphenols, were observed. In G6PD-deficient cells, GSH was reduced by 43.3% (EGC at 0.05 mg/ml) and 33.3% (EGCG at 0.5 mg/ml), compared with pre-challenged levels. The concentration of methemoglobin was increased significantly when challenged with tea extracts, and EGC. Plasma hemoglobin levels were higher in G6PD-deficient samples after exposure to tea extracts, EGCG, EGC and gallic acid, compared with those in normal blood. Tea extracts and polyphenols significantly altered the oxidative status of G6PD-deficient erythrocytes in vitro as demonstrated by the decrease of GSH, and increased GSSG, methemoglobin and plasma hemoglobin. Our data caution against the excessive consumption of concentrated tea polyphenolic products by G6PD-deficient subjects.
Introduction
Glucose-6-phosphate dehydrogenase (G6PD) deficiency, a genetic disorder inherited in the X-linked manner, is the most common human enzymopathy (1, 2) . It is estimated that >400 million people are affected by this disorder worldwide. The condition is prevalent in the Mediterranean region, Africa and Southeast Asia. G6PD-deficient subjects are vulnerable to oxidative stress. This predisposes them to chemical-induced hemolysis, if exposed to pro-oxidative agents such as fava bean (3, 4) , mothball (5, 6) , henna (7, 8) , anti-malarial drugs (9, 10) , and a variety of herbs (11) (12) (13) (14) .
Tea, the most commonly consumed herb worldwide, has never been incriminated as a hemolytic agent in G6PD-deficient individuals. Most studies on tea and some polyphenolic components have been focused on their beneficial effects on preventing cancers (15, 16) , cardiovascular diseases (17, 18) , and neurodegenerative conditions (19, 20) . It has been suggested that they act as anti-oxidants by trapping peroxyl radicals and inhibiting lipid peroxidation. In vivo studies on animal models demonstrated that green tea decreased the incidence of lung tumorigenesis in A/J mice induced by 4-(methylnitrosamino)-1-(3pyridyl)-1-butanone (21) . There has been evidence showing that tea and its major active component, epigallocatechin-3-gallate (EGCG) possess inhibitory effects on the progression of N-nitrosodiethylamine-induced liver tumor (22) and 7,12-dimethyl benz(a)anthracene-induced INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 18: 987-994, 2006 987 Pro-oxidative effects of tea and polyphenols, epigallocatechin-3-gallate and epigallocatechin, on G6PD-deficient erythrocytes in vitro mammary tumor in rats (23) . In vitro studies demonstrated that tea and some polyphenols inhibited human cancer cells, as illustrated by i) reducing cell proliferation of HCT 116 colorectal and HepG2 hepatocellular carcinoma cells (24) ; ii) modulating cell-cycle progression of breast cancer MCF-7 cells (25) and iii) inducing apoptosis of SV40-immortalized and Ha-ras gene transformed human bronchial epithelial cell lines (26) . Besides their potential anti-cancer properties, tea and polyphenols have been shown to affect lipid metabolism, prevent the appearance of atherosclerotic plaque and reduce the risk of heart disease in a hamster model of atherosclerosis (27) . Neuroprotection effect against 1,2,3,6-methyl-phenyltetrahydropyridine-induced dopaminergic neuron degeneration was demonstrated in a mouse model of Parkinson's disease (28) , and prevention of neurotoxin-induced cell injury were observed in pheochromocytoma cells and mesencephalic cells in vitro (29, 30) . Although the potential benefits in the human population have not been substantiated by epidemiological studies (31) (32) (33) or clinical trials, an increasing number of dietary supplements and products are available in the health food market. Some of them contain enriched concentrations of polyphenolic components.
More recently, there has been accumulating evidence from in vitro studies on the potential cytotoxic effect of green tea extracts and EGCG. In these studies, they acted as pro-oxidants by generating reactive oxidative species such as hydrogen peroxide in cell-free conditions, and rodent macrophagelike RAW-264.7 and human promyelocytic leukemic HL60 cell lines (34) . Hydrogen peroxide produced in the presence of green tea caused significant cytotoxic effects on rat pheochromocytoma PC12 cells in culture (35) . Similar prooxidative cytotoxic effects of tea extracts and EGCG were demonstrated in immortalized oral carcinoma cell lines (36) . EGCG caused significant depletion of reduced glutathione (GSH) and, in the presence of Fe 2+ ions, resulted in lipid peroxidation. Green tea and EGCG also caused oxidative damage in DNA, particularly in the presence of transition metal, Fe 2+ or Cu 2+ ions (37, 38) . Increased DNA breakdown and activation of apoptotic markers, caspase-3 and poly-(ADPribose) polymerase in PC12 cells were demonstrated at higher concentrations of EGCG (39) .
GSH plays a key role in protecting the red cell from oxidative damage by eliminating toxic products and reducing oxidized or nitrosylated protein thiols (40) . The availability of GSH in situations of oxidative stress is maintained by NADPH-mediated GSH recycling. However, G6PD-deficient red cells are less capable of GSH regeneration because of inefficiency in NADPH production. Therefore, in G6PD-deficient subject, GSH oxidation can result in accumulation of glutathione disulphide (GSSG) and mixed disulfides between protein sulfhydryl groups and GSH to form Sglutathionylated proteins. The decrease of anti-oxidant GSH may lead to formation of methemoglobin and hemolysis.
In order to determine the safety of tea consumption by G6PD-deficient subjects, the present study was designed to investigate effects of tea and its polyphenolic components on the oxidative status of human G6PD-deficient red cells. G6PD-deficient and normal red cells were exposed to tea extracts and its active ingredients, and levels of GSH, GSSG, as well as methemoglobin and plasma hemoglobin were determined.
Materials and methods
This study was approved by the Clinical Research Ethics Committee, Faculty of Medicine, The Chinese University of Hong Kong.
Chemicals. Black tea (Ceylon Lipton, Sri Lanka) and green tea (Longjing, China) leaves were obtained from commercial sources in the local market of Hong Kong. Decaffeinated green tea extract (GTE) tablet, Sunphenon DCF-1 was provided by Taiyo Kagaku Co. Ltd. (Tokyo, Japan). Caffeine (CAF) and high purity (>98%) tea polyphenols: (-)-catechin (C), (-)-epicatechin (EC), (-)-epicatechin-3-gallate (ECG), (-)-epigallocatechin-3-gallate (EGCG), (-)-epigallocatechin (EGC) and gallic acid (GA) were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). All HPLC grade solvents were obtained from Merck (Whitehouse Station, NJ, USA). All other chemicals were products of Sigma-Aldrich Corporation.
Tea extract preparation. Black and green tea extracts were prepared as previously reported (37) . In brief, dry black tea and green tea leaves (each 25 g) were brewed 3 times, each with 1 l of hot distilled water (80˚C) for 15 min. The infusion was then cooled to room temperature and filtered with cellulose filter paper (0.45 μm) (Millipore, Billerica, MA, USA). The filtrate was then concentrated and evaporated using a vacuum rotary evaporator. The resulting extracts were freeze-dried overnight to produce tea powder.
High performance liquid chromatography (HPLC) analysis of tea extracts. HPLC analyses were performed using a dualpump Beckman System Gold 125 solvent module equipped with a 507 autosampler and a 168 diode array detector (Beckman Instrument Inc., Fullerton, CA, USA). The system was monitored by a computer equipped with the 32 Karat Software (Beckman Instrument Inc.) for data collection, integration and analysis. Tea extracts were injected onto an Ultrasphere ODS column (250x4.6 mm i.d., particle size 5 μm) (Beckman Instrument Inc.). All solvents were pre-filtered with 0.45 μm Millipore filter disk (Millipore) and degassed. A gradient elution was carried out using the following solvent systems: mobile phase A, double distilled water/methanol/ formic acid (74.7/25/0.3; v/v/v); mobile phase B, acetonitrile/ formic acid (99.7/0.3; v/v). The linear gradient elution system was: 100% A for 8 min, to 100% B for 33 min, standing at 100% B for 5 min and returning to 100% A, for another 5 min. The flow rate was 1.0 ml/min and quantification of the tea polyphenols was performed at 270 nm. Each sample (20 μl) was injected into the column after filtration through a 0.45 μm filter disk (41) .
Identification of the tea polyphenols was carried out by comparing the retention times and the UV absorbance of the unknown peaks to those of the standards. A standard mixture containing GA (0.06094 mg/ml), EGC (0.375 mg/ml), C (0.140 mg/ml), EGCG (0.131 mg/ml), CAF (0.031 mg/ml), EC (0.288 mg/ml) and ECG (0.206 mg/ml) in double distilled water/formic acid 99.7/0.3 (v/v) was prepared and analyzed. Calibration curves for GA, EGC, C, EGCG, CAF, EC and ECG (all R 2 =0.999) were carried out using standard solutions injecting with volumes: 5, 10, and 20 μl, and analyzed by HPLC. All aqueous solutions of tea extracts were prepared in duplicates and analyzed in two separate experiments.
Subject recruitment. Human blood samples were collected by venipuncture with informed consent from 8 G6PD-deficient and 8 healthy adult male volunteers. Each blood sample was gently mixed with anti-coagulant adenine citrate dextrose (ACD). All analyses were carried out within 24 h.
G6PD assay. The G6PD levels of whole blood samples were determined by a commercially available G6PD diagnostic kit (Trinity Biotech Plc., Co Wicklow, Ireland), based on the production of NADPH and its absorption in the UV spectrum (Ï=340 nm). Individuals with G6PD activity ≤2 U/g Hb were considered as deficient (2) .
Challenge of red blood cells with water-soluble extracts from tea leaves, and tea polyphenols.
Normal or G6PD-deficient whole blood samples (300 μl) were incubated with different concentrations of the challenging agents in PBS, at 37˚C with shaking for 2 h (37). These agents included tea extracts (black tea, green tea and GTE), tea polyphenols (C, EC, ECG, EGCG, EGC and GA), as well as ·-naphthol at 0.1 mg/ml (positive control). This dosage of ·-naphthol was established to produce significant hemolytic effects on G6PD-deficient red blood cells in a pilot study.
Determination of GSH and GSSG by HPLC. GSH and GSSG levels in whole blood samples were determined by HPLC according to a described method (40) . Each treatment sample (175 μl) was reacted with 17.5 μl N-ethylmaleimide (NEM, 310 mmole/l) for 5 sec. The mixture was diluted with an equal volume (192.5 μl) of 5% (w/v) trichloroacetic acid (TCA) and centrifuged at 15,000 x g for 2 min. The excess NEM was extracted from the clear supernatant with 10 volumes of dichloromethane. The supernatant (200 μl) was mixed with 100 μl Tris-Cl 1 mole/l, pH 10.0 for alkalization. Each mixture was reacted with an equal volume of 1.5% (v/v) 2,4-dinitrofluorobenzene (FDNB) solution for 3 h at room temperature in the dark. After acidification with 20 μl (v/v) 37% HCl, the mixture was filtered and loaded onto the Prevail amino (-NH 2 ) HPLC column (250x4.6 mm i.d., particle size 5 μm) (Alltech, Deerfield, IL, USA) with pre-running into a guard column (7.5x4.6 mm). A gradient elution was carried out using solvent A (double distilled water/methanol, 20/80; v/v) and solvent B (sodium acetate/solvent A, 4.1/100; w/v, pH 4.6). The elution system was 30% solvent A for 10 min, and followed by a linear gradient of 30-95% solvent B for 10-35 min. A constant flow rate of 1 ml/min was applied. Detection was performed with a UV detector set at 355 nm. Each treatment sample was prepared in duplicate and analyzed by HPLC. By comparing the retention time and area under curve of the peaks with those of standard GSH and GSSG in different concentrations, the concentrations of GSH and GSSG in the whole blood sample were determined.
Methemoglobin determination. Each treatment sample (10 μl) was diluted with distilled water (1 ml) and divided into two equal volumes (A and B). For portion A, the absorbance change (630 nm) was determined before and after adding of 20 μl of potassium cyanide (KCN) (42) . For portion B, 20 μl of potassium ferricyanide K 3 [Fe(CN) 6 ] was added. The absorbance change was determined before and after the addition of 20 μl of KCN. The percentage methemoglobin (MetHb) was calculated by dividing the absorbance change of portion A with that of portion B.
Plasma hemoglobin determination. Plasma was isolated from blood samples by centrifugation (3,000 x g, 4˚C) for 10 min. The absorbance of plasma hemoglobin (Hb) was determined at 540 nm and compared with the standard curve of hemoglobin. The result was expressed as g Hb/dl (43) .
Statistical analysis. The differences between treatment and control groups (not exposed to tea extracts or its polyphenols) were tested by one-way ANOVA, followed by posthoc Dunnet's test. The differences between the deficient groups and respective normal groups were analyzed for significance by Student's t-test. All statistical analyses were performed by using the Statistical Package of Social Science (SPSS) version 13.0 for Windows (SPSS Inc., Chicago, IL, USA). All statistical tests were carried out at the 5% level of Table I . Composition of individual components in black tea, green tea and GTE. 
a Data are expressed as % (w/w) dry weight of tea leaves (n=3).
b Data are expressed as % (w/w) weight of GTE tablet (n=3). c Total polyphenols are equal to the sum of C, EC, ECG, EGC and EGCG.
-
significance (P<0.05). Data are expressed as means ± standard error of the mean (SEM).
Results
Components of tea extracts. The compositions of polyphenols in the soluble extracts of black tea, green tea and GTE as determined by HPLC are shown in Table I . In these samples, EGCG was most abundant, followed by ECG, EGC and EC. Whilst black tea and green tea extracts had similar composition and distribution of polyphenols, GTE contained much higher contents of all types of polyphenols. Relatively high caffeine concentrations were found in black tea and green tea extracts, but not in GTE, which was decaffeinated by the manufacturer.
GSH concentration in G6PD-deficient erythrocytes before and after exposure to ·-naphthol. G6PD activities in the normal subjects were significantly higher than those of G6PD-deficient subjects (P<0.001, Table II ). However, their baseline GSH concentrations were similar. Upon challenge with ·-naphthol at 0.1 mg/ml, there was significant decrease of GSH (P<0.001) in G6PD-deficient erythrocytes. Normal erythrocytes were not significantly affected by ·-naphthol. All G6PD-deficient subjects were hemizygous males with molecular defects either of Canton (50%, n=4) or Kaiping (50%, n=4) genotype, which were considered as severe G6PD deficiency (class 2) in WHO classification (2) .
Effects of tea extracts and polyphenols on GSH and GSSG levels. Similar levels of GSH and GSSG were observed in Table II . GSH levels of G6PD-deficient erythrocytes upon challenge with 0.1 mg/ml ·-naphthol. 
-----------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------
a For group comparison, values are represented as the mean ± SEM (n=8 for each group). b Significantly different from the normal group, P<0.001.
c Significantly different from baseline GSH level without ·-naphthol challenge, P<0.001. both normal and G6PD-deficient erythrocytes that were not challenged by tea extracts or their polyphenols components (control) (Fig. 1) . A slight albeit statistically significant decrease of GSH levels was observed in normal erythrocytes with increasing concentrations of black tea (10 mg/ml, P=0.021), green tea (5 mg/ml, P=0.009 and 10 mg/ml, P=0.009) and GTE (all concentrations, P=0.0001-0.031), when compared with respective controls. However, GSSG was not affected by the presence of any tea extracts in these normal cells. In contrast, green tea and GTE significantly reduced GSH levels in the G6PD-deficient erythrocytes (all concentrations, P=0.0001-0.024). A similar effect was demonstrated in the black tea group but significant results were not observed at 0.5 mg/ml. In parallel, significant responses to tea extracts were seen in the increase of GSSG level (P=0.0001-0.046). The percentage decrease of GSH and increase of GSSG concentration in G6PD-deficient groups were significantly different from the respective normal groups at all concentrations (P=0.0001-0.047) in all tea samples. At 0.5 mg/ml of black tea (Fig. 1A) , green tea (Fig. 1B) or GTE (Fig. 1C) Similar dose-related responses to EGCG (Fig. 2D ) and EGC (Fig. 2E) , but not to C, EC, ECG and GA, were observed. The lowest EGC concentration that significantly decreased GSH level (by 43.3±4.0%, P<0.001) and increased GSSG level (by 21.8±2.0-fold, P=0.017) was 0.05 mg/ml. For EGCG, 0.5 mg/ml was the effective dose that regulated these glutathione (GSH decreased by 33.3±6.6%, P=0.005, GSSG increased by 17.8±3.1-fold, P=0.044).
-----------------------------------------------------------------------------------------------------
Effects of tea extracts and polyphenols on levels of methemoglobin. The addition of tea extracts and polyphenols at all concentrations had no effect on methemoglobin formation in normal erythrocytes (Figs. 3 and 4) . In contrast, methemoglobin levels were increased significantly by 5.6±0.6% (10 mg/ ml, P=0.016), 2.4±0.6% (5 mg/ml, P=0.009) and 5.5±1.3% (5 mg/ml, P=0.008) in the presence of black tea (Fig. 3A) , green tea (Fig. 3B) and GTE (Fig. 3C) , respectively. At 1 mg/ ml, EGC significantly increased methemoglobin in G6PD-deficient erythrocytes by 3.9±0.6%. Other tea polyphenols had no effect on methemoglobin levels (Fig. 4) . 
Effects of tea extracts and polyphenols on plasma hemoglobin level.
The hemolytic effects of tea and polyphenols were determined by the measurement of hemoglobin released into plasma during incubation of normal and G6PD-deficient blood samples. When 0.5 mg/ml black tea, green tea or GTE were added to whole blood samples from normal subjects, the plasma hemoglobin levels remained low at 0.02±0.003, 0.04±0.006 and 0.07±0.019 g/dl, respectively which were not different from that in the control (Fig. 5A) . However, liberated hemoglobin levels were significantly increased in G6PD-deficient samples, particularly in the GTE group (0.51±0.039 g/dl, P=0.002), compared with respective control samples not exposed to tea extracts. With the addition of EGCG, EGC or GA, significant hemolytic effects were observed in the G6PD-deficient sample (P=0.002-0.043), but not in the normal blood samples. At this concentration, C, EC and ECG did not exert hemolytic effect on either group of blood samples.
Discussion
In our present study, compositions of polyphenols in the Ceylon black tea, Longjing green tea and decaffeinated green tea extract as determined by HPLC were in line with those reported previously (41, 44) . We showed that these tea extracts and two of their polyphenol components (EGC and EGCG) significantly altered the redox status of G6PD-deficient erythrocytes. This was indicated by reduction in the GSH level, increased GSSG level and elevated methemoglobin concentration, following the addition of the tea extracts, EGC or EGCG to the G6PD-deficient blood samples. Lysis of red cells was confirmed by an increase in plasma hemoglobin level. These are sequential events that would take place when G6PD-deficient red cells are exposed to pro-oxidants.
In contrast, no similar change was observed when the tea extracts or tea polyphenolic components were added to normal erythrocytes, presumably as a result of their capacity to maintain GSH level and to generate NADPH by the pentose phosphate pathway. Among the tea extracts investigated in our study, their oxidative activity had a direct relationship to their EGC or EGCG concentration, which was highest in the decaffeinated green tea extract. ECG, another important polyphenol component of tea extracts, did not have any effect on the GSH and GSSG levels of the G6PD-deficient erythrocytes. This phenomenon could be explained by the structural differences of the polyphenols. Miura et al demonstrated that flavonoids with pyrogallol-structure generated more H 2 O 2 than catechol-structures (45) . EGC and EGCG are pyrogallol-type polyphenols and they were shown to generate H 2 O 2 under aerobic conditions (46) . In contrast, catechol-type polyphenols EC and ECG did not exhibit any pro-oxidative activity.
Our data are in accordance with reports on the prooxidative activities of black tea, green tea, EGC and EGCG on various cancer cell lines (34) (35) (36) . In in vitro cultures as well as in cell-free systems (34, 46, 47) , the production of hydrogen peroxide from tea and its components has been detected. The resulting cellular damage included the depletion of GSH, increased lipid peroxidation, DNA cleavage and cell death. However, the oxidative effects of tea and its components on cellular systems in vitro have been controversial as other reports suggested their anti-oxidative properties (48) (49) (50) . A recent study on normal and diabetic erythrocytes demonstrated that all members of tea polyphenols at 10 μM decreased tertbutyl hydroperoxide-induced GSH depletion (51) . Moreover, these polyphenols had little effect on GSH levels of erythrocytes that were not challenged by the pro-oxidant.
To date, there has been no evidence that the intake of green or black tea induces noticeable hemolytic effects in G6PD-deficient subjects. One reason might be the rather low bioavailability of tea polyphenols in human. Several pharmacokinetics studies on single-dose orally administered green tea and polyphenols reported that EGC and EGCG had relatively poor absorption. Lee et al (52) observed that oral administration of 20 mg green tea extract/kg body weight resulted in maximal plasma concentration (C max ) of EGC and EGCG at 223 ng/ml and 77.9 ng/ml at 1.3-1.6 h post-consumption, respectively. The half-lives of EGC and EGCG were 1.7 h and 3.4 h, respectively. The plasma EGC was mainly in the conjugated form whereas 77% of the EGCG was in the free form. In another study (53) , oral administration of single dose (800 mg) EGCG and Polyphenon E (decaffeinated green tea catechin mixture, EGCG:EGC:EC in the ratio of 20:3.7:3.1) resulted in C max of EGCG at 438.5 ng/ml and 377.6 ng/ml, respectively. EGC was present at a low level (<10 ng/ml) after Polyphenon E administration. This dose of Polyphenon E was equivalent to a single consumption of 8 cups of green tea. High concentrations of EGC glucuronide/sulfate conjugates were found in plasma and urine samples after Polyphenon E administration whereas most of the EGCG remained in a free form. Similar plasma levels of polyphenols were observed in subjects who consumed EGCG and Polyphenon E daily for 4 weeks, with some experiencing mild adverse gastrointestinal effects (54) . Similar results were demonstrated after consumption of a single dose of Polyphenon E (618 mg of EGCG) or purified EGCG (580 mg of EGCG) by healthy individuals, resulting in plasma C max levels of EGCG at 700 ng/ ml and 500 ng/ml, respectively (55) . In this context, the concentrations of tea extracts and polyphenols used in this and other in vitro studies (24) (25) (26) (27) (28) (29) (30) would not be achievable in the plasma of subjects who consume tea in a normal manner.
In summary, our results present the first evidence on the pro-oxidative actions of tea extracts, EGC and EGCG on G6PD-deficient blood as demonstrated by the reduction of red cell GSH, and increase of GSSG, methemoglobin and plasma hemoglobin. Although it is highly unlikely the plasma concentration of these compounds would reach a harmful level under normal consumption, their pharmacokinetics in G6PD-deficient subjects is unclear. Nevertheless, an additive effect might occur when G6PD-deficient-subjects take additional oxidative drugs. In response to increasing evidence on beneficial effect of tea polyphenols for a variety of diseases, it is anticipated that various highly purified tea polyphenols and pharmaceutical products will soon be made available. Our data caution against the excessive intake of tea polyphenols by G6PD-deficient subjects. Figure 5 . Effect of tea (A) and polyphenols (B) on the plasma hemoglobin concentration in G6PD-deficient (■) and normal (∫) erythrocytes. Whole blood samples were incubated with PBS (control), or tea extracts and polyphenols at 0.5 mg/ml at 37˚C for 2 h. Data are the means (SEM; error bars) from 8 subjects in each group. Significant difference: * P<0.05 for difference in plasma hemoglobin level from respective baseline cultures without tea polyphenols.
